Epidemiological and experimental evidence suggest that vitamin D is protective against the risk of colorectal cancer. Polymorphisms in the gene encoding vitamin D receptor (VDR), which mediates most of the known cellular effects of vitamin D, have been suggested to alter this association. Here, using a tag SNP approach, we comprehensively evaluated the role of common genetic variants in VDR and their interaction with plasma vitamin D levels in relation to colorectal cancer risk in Japanese populations. A total of 356 colorectal cancer cases and 709 matched control subjects were selected from the participants of the Japan Public Health Center-based Prospective Cohort Study. Among these subjects, 29 VDR single nucleotide polymorphisms (SNPs) were selected and genotyped, and plasma vitamin D concentrations were measured. Conditional logistic regression models were used to estimate odds ratios (ORs) and 95% confidence intervals (CIs) of colorectal cancer, with adjustment for potential confounding factors. Among the results, eight VDR SNPs, namely rs2254210, rs1540339, rs2107301, rs11168267, rs11574113, rs731236, rs3847987 and rs11574143, the latter 5 of which were located in the 3 0 region, were nominally associated with the risk of colorectal cancer (P = 0.01-0.048). Furthermore, of the above 5 3 0 region SNPs, the inverse associations for 3 SNPs (rs11574113, rs3847987 and rs11574143) appeared to be evident only in those with high plasma vitamin D concentration. However, neither of these direct and suggestive interaction analysis associations was significant after multiple testing adjustment. Overall, the findings of this study provide only limited support for an association between common genetic variations in VDR and colorectal cancer risk in the Japanese population.
Introduction
Since Garland and Garland's 1980 report that the mortality rate of colon cancer was higher in regions that receive relatively low solar ultraviolet radiation, the protective role of vitamin D in colorectal carcinogenesis has attracted considerable interest [1, 2] . Vitamin D in the body is primarily derived from endogenous synthesis in the skin following exposure to solar ultraviolet radiation, and to a lesser extent from dietary sources. Vitamin D from these sources is converted to the circulating form 25-hydroxyvitamin D [25(OH)D] in the liver, which is further hydroxylated to the biologically active form 1,25-dihydroxyvitamin D [1,25(OH) 2 D] in the kidney and other tissues [3] . In experimental studies, 1,25(OH) 2 D has been shown to have anti-carcinogenic properties, including regulation of cellular proliferation and differentiation, induction of apoptosis, and inhibition of angiogenesis [2] [3] [4] . Although epidemiological studies of dietary vitamin D intake and colorectal cancer have generally shown a null to weakly inverse association, those which measured circulating 25(OH)D have fairly consistently demonstrated a significant inverse association [5, 6] . In fact, in our earlier analysis of food frequency questionnaire data, we did not observe any association between vitamin D intake and colorectal cancer risk in a population of over 70,000 adults, including 761 colorectal cancer cases [7] . By measuring circulating concentration in a subgroup of this population, however, we identified an inverse association between plasma vitamin D levels and rectal cancer, although such association was not apparent for colon cancer [8] .
The cellular effects of vitamin D are mediated via binding of 1,25(OH) 2 D to vitamin D receptor (VDR), a member of the nuclear receptor superfamily which regulates the transcription of genes, including proto-oncogenes and tumor suppressor genes [3, 4, 9] . VDRs are expressed in a wide range of tissues, including normal and malignant colorectal tissue [10] . It has been hypothesized that common variations in the VDR gene may influence VDR expression and function, which in turn may lead to differential effects of vitamin D among individuals [9] . Although the VDR gene is large (>100 kb), and a number of single nucleotide polymorphisms (SNPs) have been discovered in it [11, 12] , only a few comprehensive analyses have captured a large fraction of common SNPs in VDR in relation to colorectal cancer [13] [14] [15] .
The group-specific component (GC) gene encodes the vitamin D-binding protein (VDBP), which plays a role in the binding and transport of vitamin D and its metabolites in circulation [16] . Two common variants in the GC gene, rs7041 and rs4588, lead to amino acid changes that result in different VDBP isotypes with altered affinity for vitamin D metabolites [17] . Several studies also showed that GC variants, including the two SNPs above, are significantly associated with 25(OH)D concentrations [18] and might therefore be of importance in the etiology of colorectal cancer.
Here, we aimed to evaluate the associations between common variation in the VDR gene and colorectal cancer risk using a comprehensive tag SNP approach. We also assessed the association between two common SNPs in the GC gene and colorectal cancer risk. Furthermore, because we observed no apparent association between plasma 25(OH)D and colorectal cancer risk in our previous study [8] , we reevaluated this association in consideration of VDR polymorphism.
Subjects and Methods

Study population
The participants in the present analysis were taken from our earlier case-control study [8] nested within the Japan Public Health Center-based Prospective Cohort (JPHC) [7] . Details of the design and conduct of the JPHC study and nested-case control study have been described elsewhere [7, 8, 19] . In brief, the Japan Public Health Center-based Prospective Study (JPHC Study) was conducted in two cohorts, Cohort PHC areas. In total, 68,721 men and 71,699 women were included in the JPHC study. At baseline, we informed all subjects orally and/or in writing about the details of the study, and asked them to answer the survey questionnaires. If a subject answered and returned the questionnaires, this was regarded as their consent to participate in this study. Following the baseline survey, we have since mailed the details of the study and related information several times to all study subjects, and have provided the opportunity to refuse participation in the study throughout the follow-up period. This consent procedure is consistent with the first ethical guideline for epidemiologic studies implemented in Japan, in 2002, for studies which started before the enforcement of the ethical guideline. This study protocol was first approved by the institutional review board of the National Cancer Center, Tokyo, Japan (Approval number: 2001-021) on the basis of the first ethical guideline for epidemiologic studies, and has been approved annually since 2001. At baseline survey, participants were asked to answer self-administered questionnaires which inquired about personal and family medical history, as well as smoking habits, alcohol consumption, physical exercise frequency and other lifestyle factors. The participants were also requested to complete a validated food frequency questionnaire [20] that asked about average intake during the previous month of 44 food items (for Cohort I) or 52 food items (for Cohort II). A total of 53,375 men (78%) and 60,086 women (84%) completed and returned the questionnaire. During the same period, 18,159 men and 30,852 women also voluntarily donated 10 mL of venous blood during their health check-ups (acquisition rate: 26% and 43%, respectively). The blood samples were drawn into vacutainer tubes containing heparin, divided into plasma and buffy layers, and preserved at -80°C until analysis.
For the present investigation of colorectal cancer risk, we excluded one PHC area of Cohort I (Katsushika, Tokyo), because cancer incidence data were not available, and limited the study subjects to those who had returned the baseline questionnaire, provided blood samples, and reported no diagnosis of any cancer. Finally, 14,004 men and 24,369 women were followed to the end of 2003. During the follow-up period, changes in residence status, including survival, were determined annually through the residential registry of each PHC area, or for those who had moved out of the study area, through the municipal office of the area to which they had moved to. Among the study subjects, 9.9% moved away, and 0.2% were lost to follow-up during the study period. Cancer incidence was ascertained by active patient notification from major local hospitals in the study area and data linkage with population-based cancer registries, with permission from the local governments responsible for the registries. Death certificate information was used as a supplementary information source, with 5.5% of colorectal cancer cases notified by death certificate. The site of origin and histologic type of colorectal cancer cases were coded using the International Classification of Diseases for Oncology, Third Edition (ICD-O-3), code C180-189, C199 and C209. Up to the end of the study period, we identified 375 cases (196 men and 179 women) of colorectal cancer. All 375 cases were pathologically confirmed as adenocarcinoma. Cases with unknown pathology (18 cases) or non-adenocarcinoma (7 cases) were excluded. Of the 375 cases, 256 subjects had cancer of the colon and 119 had cancer of the rectum. Controls were selected from eligible cohort subjects using the incidence density sampling method. Eligible subjects with no colorectal cancer history at the time the case was diagnosed were matched to cases in terms of age (± 3 years), sex, season of blood sampling (± 3 months), time since last meal (± 4 h), and study location (PHC area), and randomly selected to provide a case:control ratio of 1:2.
SNP selection and genotyping
To conduct genetic research within the framework of the JPHC Study, we obtained an additional approval from the institutional review board of the National Cancer Center, Tokyo, Japan (Approval number: 2011-044), and provided all eligible subjects who donated a blood sample with the opportunity to refuse participation in the research.
To select tag SNPs in the VDR gene, we first nominated 82 candidate SNPs by referring mainly to the International HapMap Project database (Phase 3, release 27, JPT samples), and additionally to a report of VDR genetic variations in a Japanese population [12] . Based on the criteria of a minor allele frequency of greater than 10% (in JPT samples) and a pair-wise r 2 of greater than 0.90, we finally obtained 29 tag SNPs of the VDR gene, including 4 SNPs (FokI, TaqI, ApaI, Cdx2) previously reported in the literature. We also included two commonly reported SNPs in the GC gene (rs7041 and rs4588). Genomic DNA was extracted from white blood cells in the buffy coat layer using a FlexiGene DNA kit (Qiagen, Hilden, Germany). Buffy coat samples were not available for all 16 pairs (i.e. 48 subjects) in one PHC area of Cohort II (Suita, Osaka). All but 12 buffy coat samples provided a sufficient amount of genomic DNA to permit genotyping. 46 SNPs, including 29 SNPs of the VDR gene and 2 of the GC gene, were genotyped on the BioMark Dynamic Array platform (Fluidigm Corporation, South San Francisco, CA, USA) using the TaqMan SNP Genotyping Assays/Drug Metabolism Genotyping Assays (Applied Biosystems, Foster City, CA) at GeneticLab, Hokkaido, Japan. Samples of cases and matched controls were genotyped in the same batch. Plasma 25(OH)D concentrations of the study subjects were previously measured by competitive protein-binding assay at Mitsubishi Kagaku Bio-Clinical Laboratories Inc., Tokyo, Japan using a commercially available reagent (Sigma-Aldrich Co., St Louis, MO, USA). Samples from matched sets were assayed together. The intra-assay coefficient of variation from the quality control samples (n = 9) was 8.4% [8] . All laboratory personnel were blinded with respect to case and control status.
Statistical analysis
Means, medians, and proportions between cases and controls was compared using the t-test, Wilcoxon rank-sum test, and χ 2 test, respectively. Departure from the Hardy-Weinberg equilibrium was assessed among controls using the χ 2 test with 1 degree of freedom. The Bonferroni method was used to adjust for multiple correction of the Hardy-Weinberg equilibrium P value and the corrected threshold of 0.002 (0.05/29 SNPs) was considered significant. Conditional logistic regression models were used to estimate the odds ratios (OR) and 95% confidence intervals (CI) for the association of VDR and GC SNPs with colorectal cancer risk. ORs for all SNP/colorectal cancer associations estimated based on assumption of the dominant model are presented, unless otherwise stated. Regression models were adjusted for age, sex, PHC area, fasting time, and season of blood sampling (matching factors), smoking (pack years of smoking), alcohol use (g/week of ethanol), physical activity (once/week, more than once/ week), body mass index [(BMI), continuous (kg/m 2 )], and family history of colorectal cancer (yes, no). Further adjustment for dietary folate and intake of red and processed meat did not change the OR appreciably and are therefore not included in the final model. We also evaluated the influence of VDR and GC gene polymorphisms on colorectal cancer risk in interaction with plasma vitamin D concentration. For this analysis, all subjects were classified into two categories according to median plasma vitamin D concentration (based on median values among controls), and into two categories according to VDR and GC genotypes (homozygous for the major allele, or heterozygous and homozygous for the minor allele combined). Effect modification of VDR and GC polymorphisms on the associations with plasma vitamin D were assessed by the likelihood ratio test with 1 degree of freedom, in which a model which included the interaction terms was compared with one that only included the main effects. Correction for multiple comparisons was done using the "P values adjusted for multiple correlated tests" (P ACT ) method developed by Conneely and Boehnke [21] . This method takes account of the correlated nature of the multiple tests performed on proximately located SNPs within a gene. A P ACT value of <0.05 was considered statistically significant. All statistical analyses were performed using SAS Software version 9.3 (SAS Institute Inc., Cary, NC, USA) and R Statistical Software version 2.9.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
The distribution of some lifestyle and dietary factors among cases and controls is summarized in Table 1 . Mean age of the cases and controls was 56.7 and 56.6 years, respectively, and approximately 51% of subjects in both groups were male. The two groups did not statistically significantly differ with regard to BMI, smoking, alcohol use, physical activity or family colorectal cancer history, although the proportion of past/current smokers in the case group appeared to be higher than in controls. The two groups also did not differ with respect to dietary calcium and vitamin D intake and plasma vitamin D concentrations. Dietary vitamin D was weakly correlated with plasma vitamin D. The Spearman partial correlation coefficient after adjustment of age, sex and BMI was 0.08 (P = 0.04).
The associations of the VDR and GC SNPs with colorectal cancer risk are shown in Table 2 . The minor allele frequencies of the included SNPs ranged from 0.11 (rs731236, rs10875692) to 0.49 (rs2283342, rs7299460). Genotype frequencies for all VDR SNPs (among controls) were in Hardy-Weinberg equilibrium (P value > 0.002). Eight VDR SNPs, namely rs2254210, rs1540339, rs2107301, rs11168267, rs11574113, rs731236 (TaqI), rs3847987 and rs11574143, the latter 5 of which were located in the 3 0 region, were nominally associated with the risk of colorectal cancer. However, none of these associations was statistically significant after correction for multiple testing. Other VDR or GC SNPs, including the commonly reported Cdx2, FokI and ApaI, were also not associated with colorectal cancer risk. In a sub-group analysis by gender and cancer site (colon or rectal), some of the nominally significant associations observed in the whole population appeared to be limited to males (S1 Table) and to colon cancer (S2 Table) , respectively.
The association of VDR and GC gene polymorphism with colorectal cancer risk according to plasma vitamin D concentration is shown in Table 3 . None of the interaction P values was significant after multiple comparison adjustment. Of interest, however, tohe odds ratios for the minor allele carriers for 3 SNPs (rs11574113, rs3847987, and rs11574143), all of which were in the 3 0 region and had nominal associations in the SNP/colorectal cancer analysis, showed a significant decrease in the risk of colorectal cancer when they had higher plasma concentrations of vitamin D. Compared to those homozygous for a common allele for SNP, rs11574113, which had low vitamin D, the odds ratios for those homozygous for common alleles with high vitamin D and for those heterozygous and homozygous for minor alleles combined with high vitamin D were 1.09 (95%CI, 0.75-1.58) and 0.61 (95%CI, 0.39-0.97), respectively. The respective values were 1.11 (95%CI, 0.76-1.62) and 0.63 (95%CI, 0.40-0.99) for SNP rs3847987, and 1.13 (95%CI, 0.78-1.64) and 0.60 (95%CI, 0.37-0.95) for SNP rs11574143. 
Discussion
To our knowledge, this is the first report of VDR polymorphisms/colorectal cancer association among Mongoloid Asians that used the systematic tag SNP approach to select variations across the VDR gene. In this study, 8 VDR SNPs, 5 of which were located in the 3 0 region, were nominally associated with the risk of colorectal cancer. Furthermore, of the above 5 3 0 region SNPs, the associations for 3 SNPs appeared to be evident only in those with high plasma vitamin D concentration. However, neither the main effect nor the interaction analyses associations were significant after multiple testing adjustment.
Although the interaction effect was not statistically significant, variant allele carriers for 3 SNPs (rs11574113, rs3847987, and rs11574143) showed a significant decrease in the risk of colorectal cancer when they had higher plasma concentrations of vitamin D. Interestingly, these 3 SNPs were all located in the 3 0 region and were also nominally associated with colorectal cancer risk in SNP/colorectal cancer analysis. In their comprehensive analysis of vitamin D-related genes in 749 incident prostate cancer cases and 781 controls, Ahn and colleagues reported positive associations between VDR tag SNPs in or near the 3 0 region and prostate cancer risk among men with low vitamin D, but not with high vitamin D. In particular, this association was stronger for VDR variant rs11574143 [22] . In another report from the Cardiovascular Health Study, Levin et al. also reported interaction effects of another 3 0 VDR variant, rs7968585, and low vitamin D in the risk of composite clinical outcomes, including cancer [23] . Although the present study may not be directly comparable to these two studies due to differences in cancer endpoint, vitamin D cut-off and other parameters, these findings might collectively suggest that tag SNPs in and around the 3 0 region, in interaction with vitamin D, may be associated with risk of cancer. The underlying biological basis of the putative interaction effect of the 3 0 SNPs, however, is not clear. In fact, the importance of the 3 0 end of the VDR gene has been examined in relation to the poly(A) microsatellite repeat in the 3 0 untranslated region (UTR), the length of which likely determines messenger RNA stability and hence likely affects intracellular levels of VDR [9, 11] . An increase in VDR expression may lead to an enhanced vitamin D endocrine system functioning, given that there is also enough substrate [i.e. 25(OH)D] for 1,25(OH) 2 D production. This would also explain the association observed for some SNPs in those with higher vitamin D status only. However, it is unknown whether the SNPs under consideration in our study directly influence mRNA stability and VDR expression, or are just related to colorectal cancer through strong linkage disequilibrium with Poly(A) microsatellite repeat polymorphisms or some other functional polymorphisms in the 3 0 UTR region. A clear understanding of these associations requires functional studies of the effect of SNPs in the 3 0 UTR on VDR expression. Among other commonly reported 3 0 region VDR polymorphisms, BsmI (rs1544410) polymorphism appears to be associated with decreased risk, with a recent meta-analysis producing a summary risk estimate of 0.89 (95%CI 0.81-0.98) for the BB compared to bb genotype [5] . The TaqI variant (rs731236) was not related to colorectal cancer in three studies [13, 24, 25] but was associated in a US study [26] , in which the tt genotype was associated with decreased risk of colon cancer (OR 0.6, 95%CI 0.4-1.0). The variant allele for both the BsmI and TaqI polymorphisms is less frequent in Asians than in Africans and Caucasians [9] , as observed in the present and other studies [27, 28] . Although we did not directly measure BsmI polymorphism, the OR for TaqI polymorphism, which is in high linkage disequilibrium with BsmI in the Japanese population (r 2 = 0.9), was suggestive of an increased risk, but did not show a statistically significant association. This finding is consistent with an earlier study in a Japanese population [28] . The two GC SNPs were not related to the risk of colorectal cancer in our present study. Although tag SNPs in GC, including variant rs7041, were related to circulating 25(OH)D concentrations, these SNPs were not associated with the risk of colorectal adenoma in a study by Hibler et al. [29] . In studies of colorectal cancer, the GC variant rs4588 was not related to colorectal cancer in two studies [30, 31] , except for one small study in which homozygosity for the minor allele carried a significantly increased risk [32] . In a Colon Cancer Family Registry based case-control study which included 1,750 sibships, Poynter et al. found no evidence for associations between tag SNPs in GC and the risk of colorectal cancer, and no evidence for modification of this association by dietary calcium or vitamin D intake [13] .
Major strengths of the present study include its use of the comprehensive tag SNP approach to capture common variants across the VDR gene. Use of the tag SNP approach has the advantage of greater genetic coverage and statistical power than the traditional approaches to SNP selection [33] . Our inclusion of multiple SNPs from the areas 10 kb upstream and downstream of the actual gene further enhances genetic coverage and perhaps increases the probability of finding markers linked to the causal SNP. Information on all covariates was collected at baseline, i.e. before the diagnosis of cancer, and concerns over information bias are less likely. All cases were pathologically confirmed as adenocarcinoma. We used prediagnostic measurement of serum vitamin D, which reflect both dietary and endogenously formed vitamin D in the circulation and is better marker of circulating vitamin D than the dietary vitamin D measurement alone. Variations in other vitamin D pathway-related genes (eg. CYP27A1, CYP2R1, CYP27B1, CYP24A1, RXRA) might also be associated with the risk of colorectal cancer, and our inability to evaluate these variants therefore constitutes a weakness of the study. Plasma vitamin D concentration was also measured once only, and therefore might not represent long-term variation in vitamin D concentration. However, previous studies have shown a fairly good correlation among vitamin D concentrations measured at several-year intervals [34, 35] indicating that a single vitamin D measurement is reasonably representative. Finally, another limitation of the study was its relatively small sample size and limited power to detect moderate associations. With a sample size of about 350 cases and 700 matched-control subjects, the power (two-sided unadjusted α = 0.05) to detect an OR in the range of 1.2 to 1.4 (in the dominant model) was between 21% to 59% for a variant with a low minor allele (rs731236), while the power to detect an OR in the range of 0.8 to 1.4 was from 34% to 57% for a variant with a more common minor allele (rs12721364). Therefore, the current sample size was underpowered to detect SNP/colorectal cancer associations of the order of magnitude as found in this study.
In summary, the findings of this nested case-control study among a Japanese population provides only limited support for an association between common variations in the VDR gene and colorectal cancer risk. A better understanding of these associations requires further studies with larger sample sizes and other vitamin D pathway genes. 
